Shiga toxin (Stx)-producing Escherichia coli (STEC) causes hemorrhagic colitis and hemolytic-uremic syndrome (HUS).
end-stage kidney disease and the need for chronic renal replacement therapy and kidney transplantation. In elderly individuals, STEC infection is associated with substantial mortality, with and without HUS (3, 4, 5, 7) .
Current evidence suggests that Stx(s) constitutes the major pathogenic factor implicated in the pathogenesis of HUS (15, 25) . Stx comprises a group of highly related, soluble, bipartite protein toxins consisting of a pentameric, cell membrane-binding B subunit and a noncovalently linked, enzymatically (intracellularly) active A subunit (16) . A limited number of serologically and molecularly distinguishable Stxs have been linked to severe disease in humans, notably, Stx1, Stx2, Stx2c, and Stx2d activatable . STEC isolates from patients with hemorrhagic colitis or HUS may express one or more Stxs in various combinations (2, 4, 10, 12, 14, 17, 20) , but the contribution of each toxin in vivo to the severity of STEC disease is not known.
At present, there is no specific, proven treatment for STEC disease or the prevention of its complications (18, 26, 27) , nor are there early, reliable predictors of the severity of the disease. The rapid diagnosis of STEC infection and early intervention before the onset of systemic diseases are therefore desirable to prevent or ameliorate toxin-related complications, including HUS. Therapeutic chimeric monoclonal antibodies against Stx 1 and 2 (c␣Stx1 and c␣Stx2, respectively) that neutralize Stx in vivo and protect mice from lethal STEC infection or toxemia have been developed (8, 21) .
The safety and pharmacokinetic (PK) profiles of c␣Stx2 but not those of c␣Stx1 have previously been formally evaluated and published in an NIAID, NIH-sponsored phase I study (6) . The aims of the current study were to determine the tolerability and the PK profile of c␣Stx1 in comparison to those of c␣Stx2 and to evaluate the safety of the combined infusion of both antitoxins in healthy human volunteers.
MATERIALS AND METHODS
Development of c␣Stx1 and c␣Stx2. c␣Stx1 is a hybrid (chimeric) antibody in which the variable regions of the murine Stx1-neutralizing monoclonal antibody 13C4 (24) are genetically fused to a human kappa light chain constant-domain sequence and a human immunoglobulin G1 (IgG1) heavy chain constant-domain sequence (8) . c␣Stx1 is directed against the B subunit of Stx1 (23) , which mediates binding of the holotoxin to the globotriaosylceramide cell surface receptor (16) . c␣Stx2 is a chimeric antibody in which the variable regions of Stx2-neutralizing murine monoclonal antibody 11E10 (19) are genetically fused to a human kappa light chain constant-domain sequence and a human IgG1 heavy chain constant-domain sequence (8) . c␣Stx2 recognizes the enzymatic A subunit of Stx2 (19) , which is responsible for the primary biological action of the toxin in the host cell (16) . The final chimeric antibodies were produced in Chinese hamster ovary cells. The percentage of the antibody sequences that are human based for c␣Stx1 and c␣Stx2 are 84% and 86.3%, respectively. The chimeric antibodies were manufactured under current good manufacturing practice regulations by Goodwin Biotechnology Inc. under contract to Thallion Pharmaceuticals Inc. They were supplied in 2-ml vials containing 2 ml of 10 Ϯ 0.5 mg/ml product in an acetate-buffered saline solution and kept at 2 to 8°C until use.
In an in vitro Vero cell assay, 1 pg of purified Stx1 was neutralized by 26 ng of c␣Stx1, where 1 pg of toxin corresponds to a 50% cytotoxic dose (CD 50 ). The neutralization titer was defined as the dilution of the antibody that neutralized 50% of the cytotoxic effect on Vero cells. Under similar conditions, 82.8 ng of c␣Stx2 neutralized 1 pg (1 CD 50 ) of purified Stx2 (8) .
Clinical studies. Two phase I studies were conducted. One was conducted in the United States (SFBC Fort Myers, Fort Myers, FL) and one was conducted in Canada (Algorithme Pharma, Montréal, Québec, Canada). The research complied with all relevant governmental regulations and guidelines and was approved by the pertinent ethical review committees for human subjects (IntegReview, Inc, Austin, TX; Ethicom, Université de Montréal, Québec, Canada). Written informed consent was obtained from each participating subject. Both studies were designed as single-center, open-label, nonrandomized, dose-escalation studies. The primary objective of the two clinical phase I studies, conducted with healthy male and female adult volunteers, was to evaluate the safety and tolerability of the c␣Stx1 and c␣Stx2 antibodies, administered as single (c␣Stx1, c␣Stx2) or dual (c␣Stx1 and c␣Stx2) intravenous infusions. The secondary objectives of the studies were to (i) evaluate the PKs of c␣Stx1 and c␣Stx2 and (ii) assess the development of human antichimeric antibodies (HACAs), including HACA Ig subclass typing. The antibodies administered, the dosages, and the cohorts are listed in Table 1 . The study drug (one antitoxin or both antitoxins combined) was diluted in 100 ml of isotonic saline and infused over 1 h at a rate of 100 ml/h through a dedicated peripheral intravenous line. A second peripheral venous access on the contralateral arm was used to withdraw blood for the initial PK studies.
The subjects were evaluated on days Ϫ1 (screening); 1 (antibody infusion); and 2, 4, 8, 15, 29, 43, and 57. The evaluations included subject reporting of adverse events (AE) and serious AEs, a review of laboratory test results (biochemistry, hematology, and urinalysis, except on days 1 and 43), determination of vital signs and body weight (days Ϫ1, 8, and 57), review of electrocardiography (ECG) tracings (days Ϫ1, 1, 2, 8, 15, and 57), performance of a physical examination, and determination of whether the subject concomitantly used other medications. The medical safety committee reviewed the laboratory test results, the ECG tracings, the vital signs, and the reported AEs at predetermined times during the conduct of each study. Analyses were based on the safety population, which comprised all enrolled participants who received any amount of study medication. Treatment-emergent AEs (TEAEs) were recorded and analyzed by system organ class at the preferred term level by using the Medical Dictionary for Regulatory Activities, version 9.0.
PKs. Blood samples for PK analysis were collected before and 0.25, 0.5, and 1 h (end of study medication infusion); 1.25, 1.5, 2, 3, 4, 5, 7, 9, 12, and 24 h (day 2); and 3, 7, 14, 28, 42, and 56 days after the start of the infusion. Serum samples were stored at Ϫ70°C and were tested for c␣Stx1 and c␣Stx2 levels by enzymelinked immunosorbent assay (ELISA), under contract with Altor BioScience Corporation, FL.
Serum anti-Stx1 and anti-Stx2 concentrations were measured by the use of an ELISA plate format developed at Sunol Molecular Corporation, a sister company of Altor BioScience. The assay was performed essentially as described previously (6) , with several modifications. Briefly, 96-well microtiter plates (MaxiSorp 8-well strip modules; Nunc, Roskilde, Denmark) were coated with 100 l per well of 1 g/ml purified Stx1 or Stx2 (provided by the Uniformed Services University of the Health Sciences) in phosphate-buffered saline (PBS; pH 7.2). The coated wells were blocked with 150 l of PBS containing 1% gelatin (Norland Products, Cranbury, NJ), 0.5% Tween 20 (Mallinckrodt, Baker, Paris, KY), and 5% normal goat serum (Equitech Bio, Kerrville, TX) for 45 min at 37°C. Standards, controls, and samples were diluted 1:300 in the same blocking buffer. Samples whose anti-Stx1 or anti-Stx2 concentration exceeded the highest standard (50 ng/ml after dilution) were serially diluted to bring the assayed concentrations within the range of the standard curve. The diluted samples were transferred to the respective wells in triplicate, the plates were incubated and washed, and then 100 l of 1:40,000 goat anti-human IgG (heavy and light chains)-peroxidase conjugate (Bio-Rad, Hercules, CA) in blocking buffer was added. The assays were developed with 100 l of 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) substrate (BioFX, Owings Mills, MD). The reaction was stopped with 100 l of 1% sodium dodecyl sulfate, and the plates were read at 405 nm in a spectrophotometer. The results were calculated from a four-parameter logistic curve-fit equation. Predose values were subtracted from all postdose values due to the observation during assay development that a percentage of the population has circulating preformed antibodies to Stx1. Only one subject (subject 7) in the single-antibody study (c␣Stx1 at 3 mg/kg of body weight) was noted to have an elevated predose value.
Noncompartmental analyses of the plasma ␣Stx1 and c␣Stx2 concentrations were accomplished with WinNonlin Professional (version 3.1) software (Pharsight Corp., Mountain View, CA). PK parameter estimates were obtained for the maximum concentration in plasma (C max ), exponential volume of distribution (V z ), clearance (CL), elimination rate constant (k el ), elimination half-life (t 1/2 ), time to C max (T max ), the area under the plasma concentration-time curve (AUC) from time zero to the last sampling time (AUC t ), and the AUC extrapolated to infinity (AUC ϱ ).
Assessment of HACAs. HACA levels were measured before and 28, 42, and 56 days after the c␣Stx infusion(s) at MPI Research Inc. (Mattawan, MI) by a validated ELISA developed at MPI Research. Briefly, 96-well plates (96-well, MaxiSorp or equivalent; Nunc) were coated overnight at 2 to 8°C with 100 l c␣Stx1 or c␣Stx2 in 1ϫ PBS (Fischer Biotech, Waltham, MA) at a final concentration of 500 ng/ml (50 ng/well). Between each step, the wells were rinsed four times with 1ϫ PBS-0.05% Tween 20 (Sigma, St. Louis, MO) washing buffer (PBS-T) and tapped on paper towels to remove the residual liquid. The wells were blocked with 200 l of 1% bovine serum albumin (Sigma) in PBS-T at room temperature (RT) for 2 h, washed, and used immediately or stored at 2 to 8°C for up to 11 days.
Diluted serum samples, standards, and quality control samples (100 l/well) were added to duplicate or triplicate wells, and the plates were incubated at RT for about 2 h. The plates were washed, and detection antibody solution (100 l) containing biotinylated c␣Stx1 or biotinylated c␣Stx2 (MPI Research) in assay diluent (0.5 g bovine serum albumin in 500 ml of 1ϫ PBS-T) was added to each well. The plates were incubated at RT for 1 h and washed. Streptavidin-horseradish peroxidase (KPL, Gaithersburg, MD) solution (100 l) was added to each well and the plates were incubated at RT for 0.5 h. The plates were washed, and 100 l of Ultra-TMB substrate solution (Pierce, Rockford, IL) was added to each a One of the subjects (subject 19) was lost to follow-up 3 days after the infusion of the antibodies.
well. The reaction was stopped after 10 to 29 min at RT with 50 l of 2 M sulfuric acid (Sigma).
The optical density at 450 nm was determined with a microplate reader by using SoftMax Pro software (Molecular Diagnostics, Sunnyvale, CA). A standard curve was created and used to generate a four-parameter logistic curve fit. The concentrations of the unknowns were determined with SoftMax Pro software.
To determine the HACA Ig isotype(s), microtiter plates were coated with c␣Stx1 or c␣Stx2, as described above. The wells were loaded with 100 l of a 1:100 dilution of the subjects' serum samples, incubated at RT for about 2 h, and washed as described above. A second binding step was completed by adding 100 l of diluted biotinylated goat/mouse anti-human Ig isotype antibody(goat antihuman IgA and IgM [MPI Research], mouse anti-human IgG subclasses [Sigma]) to each well in the corresponding column on the ELISA plate in duplicate for each sample tested. The plates were incubated at RT for 1 h and washed. One hundred microliters of streptavidin-horseradish peroxidase solution was added and the plates were incubated for ϳ1 h at RT. The plates were washed, Ultra-TMB substrate solution (100 l) was added to each well, and the plates were incubated at RT for 5 min. The reactions were stopped with 50 l 2 M sulfuric acid, and the optical density at 450 nm was determined as described above.
RESULTS

Safety in volunteers.
Twenty-six healthy volunteers between the ages of 19 and 53 years were enrolled between 7 February and 24 July 2006 (Table 1) . Seventeen subjects were female (65%), and 23 (88%) were Caucasian. Twenty-five subjects completed the study. One participant (subject 19) in the group receiving the combination of 1 mg/kg c␣Stx1 and 1 mg/kg c␣Stx2 was lost to follow-up after the day 2 visit. No serious AEs were observed or reported by the subjects, and no deaths occurred. None of the volunteers withdrew from trial participation due to an AE. Eighteen volunteers (69%) reported at least one (mild or moderate) TEAE up to 14 days after the infusion of the investigational product. No clinically relevant changes in body weight, vital signs (oral temperature, respiratory rate, blood pressure, pulse), physical examination or ECG findings were noted.
The types and frequencies of TEAEs and the product dosages are summarized in Table 2 . The most frequently reported events were headache and somnolence (19% each), upper respiratory tract infection or influenza (15%), gastrointestinal complaints (abdominal distention, 12%; abdominal pain, vomiting, and diarrhea, 8% each), and fever (8%). Irritation and erythema at the intravenous catheter site for the antibody infusion were noted in 8% of the subjects. Laboratory abnormalities included pyuria (n ϭ 12%) and mild hypocalcemia, microhematuria, neutrophilia, and thrombocytosis (4% each). Overall, there was no association between the occurrence of AEs and the c␣Stx dose or between the administration of single or dual antibodies. Apparent exceptions were headache, somnolence, and abdominal distention (skewed toward the occurrence in subjects undergoing dual antibody administration) and influenza-like symptoms (skewed toward occurring in probands receiving a single antibody) ( Table 2) .
A detailed analysis of the AEs relative to the time of product infusion is shown in Table 3 . Somnolence was reported before treatment began in three of five probands (subjects 19, 20, and 23), as was headache in two of three instances (subjects 18 and 23). Both occurrences of intravenous infusion site irritation were detected prior to drug administration (subjects 20 and . Somnolence and headache were noted prior to the antibody infusion in one individual (subject 23), who also experienced nausea, as were somnolence (subjects 19 and 20) and headache alone (subject 18) ( Table 3) . PKs. For the primary analysis, the PK parameters from the two studies were combined, because the number of subjects was small. The resultant descriptive statistics are presented in Table 4 . The c␣Stx1 C max , AUC t , and AUC ϱ values directly correlated with the infused antibody dose and were proportionally greater in individuals who received 3 mg/kg antibody than in those who received 1 mg/kg antibody. The T max s of c␣Stx1 were calculated to be 3.44 and 3.97 h for the 1-and 3-mg/kg doses, respectively. As expected, CL remained fairly constant between the two dose levels (0.34 and 0.41 ml/h/kg). V z varied between the two doses (0.06 to 0.11 liter/kg); however, this was related to the high coefficient of variation (CV) for the recipients of the 3-mg/kg dose. Differences in the t 1/2 s between the 1-and 3-mg/kg doses, i.e., 157.2 and 215.3 h, respectively, are likely due to large variations and the small sample size. Similar to c␣Stx1, the C max , AUC t , and AUC ϱ values for c␣Stx2 were directly proportional to the dose levels (1 and 3 mg/kg). The T max s of c␣Stx2 were estimated to be 3.11 and 3.53 h for the two doses, respectively. As expected, CL (0.20 and 0.21 ml/h/kg, respectively) and V z (0.06 and 0.08 liter/kg, respectively) remained constant between the two dose levels.
Despite the small size of the trial, a subanalysis was performed to detect possible differences between the PK parameters of the two antibodies. A difference was noted between the CLs of c␣Stx1 (0.38 Ϯ 0.16 ml/h/kg) and c␣Stx2 (0.20 Ϯ 0.07 ml/h/kg), when the data for both dose levels were combined, that was statistically significant (P ϭ 0.0013, t test). The difference between the inversely related t 1/2 s of c␣Stx1 (190.4 Ϯ 140.2 h) and c␣Stx2 (260.6 Ϯ 112.4 h), however, did not reach statistical significance (P ϭ 0.151). When the results for the single and the combined antibody infusions were compared, the CLs and t 1/2 s were similar (P ϭ 0.36 to 0.96). The mean measured plasma concentrations of c␣Stx1 and c␣Stx2 following the infusion are depicted in Fig. 1 .
HACAs. HACAs were detected in one subject, who received 3 mg/kg c␣Stx2, in a single blood sample from day 57. The antichimeric antibody was characterized as IgG1. None of the subjects who received c␣Stx1 alone or concomitantly with c␣Stx2 demonstrated HACAs toward c␣Stx1.
DISCUSSION
The present report comprises the descriptions of two phase I studies evaluating the safety and tolerability of intravenous infusions of the chimeric anti-Stx antibodies c␣Stx1 and c␣Stx2. At the chosen doses of 1 and 3 mg/kg, both antibodies were well tolerated individually as well as in combination. Furthermore, the doses tested achieved concentrations that exceeded those found to protect mice from lethal STEC infection or toxemia (21) . Our results confirm and extend the safety and PK data previously accrued in an NIAID, NIH-sponsored phase I trial in which 17 healthy adult volunteers had been given c␣Stx2 over a 3-log dose range (0.1 to 10 mg/kg) (6) . c␣Stx1 and c␣Stx2 were equally well tolerated and demonstrated similar PK profiles. Importantly, the concomitant infusion of the two antibodies did not appear to alter their PK profiles. The mean elimination t 1/2 of 9 days suggests that a single dose of the antitoxin(s) is sufficient to bridge the period between the onset of (or presentation with) diarrhea and the development of HUS and other toxin-induced sequelae. It should be emphasized that c␣Stx2 neutralizes not only Stx2 derived from the prototypic enterohemorrhagic E. coli strain EDL933 but also Stx2c and Stx2d activatable (8) , which have been etiologically linked with HUS (2, 14) .
No severe AEs were observed. The mild and moderate TEAEs were neither antitoxin specific nor dose dependent. Clinical AEs judged to be possibly related to the product were abdominal pain and distension, somnolence, and headache ( Table 2 ). The abdominal symptoms observed on the day of the antibody infusion were generally mild, occurred between 5 and 11 h after the infusion, and resolved spontaneously. This effect has not been noted in any of the 16 recipients of a single dose of c␣Stx1 or ␣Stx2 or in the previously reported study, in which c␣Stx2 was administered up to a dose of 10 mg/kg (6) . Its clinical significance is unclear and needs to be reassessed in a controlled trial. Somnolence was documented in 5 of 10 volunteers receiving a dual infusion of c␣Stx1 and ␣Stx2. Three subjects became somnolent prior to the antibody administration and two became somnolent about an hour after the antibody administration (Table 3) . A simple, plausible explanation is that the volunteers were tired because they had been awakened for the antibody infusion as early as 5 a.m. Other TEAEs that were observed during the 14 days following the antibody infusion, such as pharyngitis, influenza-like illnesses, and dysuria or urinary tract infections (Table 3) , did not appear to be related to the administration of the investigative product. Importantly, the volunteers did not experience significant infusion reactions. The risk of sensitization to the chimeric antibodies appears to be low: in the current study, only one individual (3.8%) mounted a reproducible and specific immune response to c␣Stx2. In the phase I study reported by Dowling et al., four individuals (23.5%) developed HACAs (6) . The apparent difference in the rate of HACA formation between the current and previous studies is unclear but may be related to methodological differences (the use of different assay formats). Antichimeric antibodies developed late: all HACA-positive samples in the current and the previous studies (6) were detected after day 42. Therefore, HACA formation is not expected to interfere with the antitoxin's postulated therapeutic action during an acute STEC infection.
The clinically important question, whether the infusion of Stx-neutralizing antibodies in patients with STEC infection can reduce the incidence of HUS or other clinically relevant outcomes, remains to be answered in a controlled treatment trial. In order to exploit the (hypothetical) therapeutic window and intervene with an effective, neutralizing antibody or antibody cocktail, enrollment early in the course of the illness will be critical (3).
In conclusion, the chimeric monoclonal antibodies c␣Stx1 and c␣Stx2 were safe and well tolerated when they were administered individually or concomitantly to healthy male and female adults at doses of up to 3 mg/kg each. Current and previously published data provide the basis for treatment trials for assessment of the safety, PKs, and efficacy of the concomitantly administered antitoxins in the target patient population. Monoclonal antibodies represent an interesting avenue for the protection of humans from the severe, Stx-mediated consequences of STEC infections.
